Introduction
Poly(pyrazolyl)borate ligands were first synthesized by Trofimenko [1] and have assumed an important role in modern coordination chemistry [2] . It has been shown that there are strong analogies between the behavior of metal complexes containing trispyrazolborato anions and those containing g 5 -cyclopentadienyl ligands [1] . Molybdenum is a trace element and presents several oxidation states. Molybdenum is a relevant element for the synthesis of many homogeneous and heterogenous catalysts. It is also essential in several enzymatic systems. One of the characteristics of the molybdenum chemistry is related to the easy conversion between its oxidation states and to the changes of coordination number, observed particularly between Mo(III), Mo(IV), Mo(V) and Mo(VI).
Oxo and imido ligands have been known to form commonly multiple bonds when attached to transition metal centers. There has been significant interest in the chemistry of the corresponding complexes. Of particular importance are the high-valent organo-imido and -oxo molybdenum derivatives which have been widely studied. Both the imido and oxo groups lead to stabilization 0020- [3] . Organo-imido complexes of Mo(V) and Mo(VI) can be prepared by a wide range of methods that often make use of organic compounds as the imido transfer reagent [3, 4] . There are several molybdenum imido compounds [5] [6] [7] [8] [9] [10] and a number of related mixed terminal oxo-imido compounds have previously been reported, for instance [MoTp*(O)Cl(NR)] (R = 4-tolyl and C 6 H 4 NMe 2 -4) [11] , [MoCl 2 (Nmes)(O)(bipy)] (mes = 2,4,6-trimethylphenyl) [12] and [TpMo(CH 2 C(Me)(2)Ph)(NAr)(O)] (Ar = 2,6-i-Pr-2-C 6 H 3 , Ph = C 6 H 5 ) [13] , but limited information is available for transition metal compounds containing both imido and hydrotris(pyrazolyl)borate type ligands [11, [14] [15] [16] [17] [18] [19] [20] [21] . Although a number of systems involving l-ligation in the presence of terminal imido groups have previously been reported [22] [23] [24] [25] [26] , the chemistry of compounds having both arylimido and l-oxo group in the presence of tris(pyrazolyl)borate co-ligand has not been studied in detail.
We have recently described the synthesis and spectroscopic characterization of a family of oxo-bridged oxo These are the first examples of molybdenum compounds containing both an arylimido and a l-oxo group in the presence of a tris(pyrazolyl)borate co-ligand. Single crystal X-ray crystallographic characterizations were carried out for compounds 1, 4, 5 and 6. All these structural determinations revealed the same molecular scaffold, which consists of a linear Mo-O-Mo bridge and an essentially linear arylimido group, as shown schematically in Scheme 1. The M-N-Ar linearity and the Mo-N distance suggest significant participation of the N lone pair in bonding, providing an effective triple bond (r + 2p) character to the interaction with the imido ligand (like for the isolobal interaction with the terminal oxo ligand).
The structure shows, in some cases, the oxo and imido ligands on the same side of the molecule (syn), in which case the Cl ligands occupy opposite positions (anti), as in Scheme 1. However, a different conformation, where the two Cl ligands are syn and the oxo and imido ligands are anti has also been observed in other cases. For two compounds (4 and 5), both conformations have been observed in different crystals. The 1 H NMR properties of the entire family of compounds are consistent with the asymmetric structure (e.g., 12 different Me resonances and 6 different pyrazolyl methyl resonances are observed in the expected relative intensities for the 6 inequivalent pyrazolyl rings). Thus, the same structure is assumed for all the compounds for which a structural determination could not be carried out.
In this paper, we report the preparation and spectroscopic characterization of compounds 
Experimental

General methods
All preparations and manipulations were carried out with Schlenk techniques under an oxygen-free dinitrogen atmosphere. All glassware was oven-dried at 120°C. Solvents were dried by standard procedures, distilled and kept under dinitrogen over 4 Å molecular sieves.
The starting material [MoTp*(O)Cl 2 ] was prepared according to EnemarkÕs published method [32] .
The solid state infrared spectra were recorded on a Magna IR spectrophotometer as pressed KBr disks. The solution IR spectra in the low-energy region were recorded in CH 2 Cl 2 solutions on a Perkin-Elmer GX spectrometer.
1 H NMR spectra were recorded in CDCl 3 on 400 MHz High Performance Digital FT NMR at TUBITAK (Research Council of Turkey) and on a Bruker AC250 FT NMR spectrometer at the LCC Toulouse. Mass spectra analyses were performed on a Joel AX505 FAB device using Xe at 3 kV as a positive ion and a matrix m-NBA (meta-nitrobenzyl alcohol). Cyclic voltammograms were recorded with an EG & G 362 potentiostat connected to a Macintosh computer through MacLab hardware/sofware. The electrochemical cell was fitted with an SCE reference electrode, a platinum disk working electrode and a platinum wire counter-electrode. added to each solution and measured at the end of the experiments. The potential of the ferrocene standard under our working conditions is 0.465 V. Elemental analyses were carried out using a LECO CHNS 932 instrument. 
Preparation of [Tp
Results and discussion
Synthetic aspects
The new compounds were prepared in the same general way as the previously reported ones ( 
In these reactions, the dinuclear oxo-imido Mo(V) compounds were the main products and the first ones to migrate through a silica column with elution by CH 2 Cl 2 / n-hexane (9:1, v/v); traces of the previously reported compound, [{MoTp*(O)Cl} 2 (l-O)] (9), were eluted after 7 and 8. Surprisingly, 9 is the major product for the reaction of [MoTp*(O)Cl 2 ] with aniline under identical conditions. There were other weak bands of other products, but 7, 8 and 9 could be obtained in a pure state and in sufficient amounts to allow their spectroscopic characterization. Compounds 7 and 8 are soluble in common organic solvents and stable in moist air. They can be easily separated from the reaction mixture by crystallization from a dichloromethane/hexane mixture (1:4). Microanalytical data were in accord with the proposed formulations. Characterization data for the new compounds are collected in Table 1 .
Mechanistic considerations
A remarkable feature of the reaction, which has already been discussed [27] , is the fact that a dinuclear compound containing only one imido group per two Mo atoms is obtained, in an essentially selective manner, even though an excess amount of the aniline reagent was used in most cases. An additional, new consideration is derived from a comparison of all structures determined so far [27] [28] [29] . This shows that the molecule systematically adopts the same diastereomeric configuration. In fact, since both metal centers in the product are chiral and chemically inequivalent, two enantiomeric pairs of diastereomers are possible in principle, depending on the absolute configuration of each metal. This unusual stereoselectivity forces us to consider the mechanism of formation of the compound in greater detail.
The first step of the process, which may be equilibrated, is likely to be the addition of the aniline to the Mo(V) center in compound Tp*Mo(O)Cl 2 , since this has an unsaturated 15-electron configuration (17- and PPh 3 in wet toluene containing %0.03% water. Millar et al. [31] prepared the same compound serendipitously by treatment of 1,3-dimethoxy-para-tert-butylcalix [4] arene and [MoTp*(O)Cl 2 ] in refluxing toluene. The synthesis was also successful in the absence of calixarene, therefore, it was suggested that the complex formed because of the presence of adventitious water, probably originating from Et 3 N. Thus, it is safe to conclude that the formation of 9 in our reactions could also result from the presence of adventitious water originating from toluene or Et 3 N or the aniline.
Spectroscopic studies
The IR and 1 H NMR data obtained for 7 and 8 are very similar to those of 1-6. This strongly suggests that all these complexes have the same structure (Scheme 1). The IR data are collected in Table 2 . Both compounds exhibit the expected absorptions due to the Tp* ligand (ca. 2500 cm À1 due to m (BH) and ca. 1400 cm À1 associated with the pyrazolyl ring). They possess bands at ca. 960 cm À1 , characteristic of the terminal Mo@O unit for Mo(V) complexes. Both compounds also exhibited peaks at 1212 cm À1 which could be attributed to the presence of a Mo@N moiety in these species. For comparison, the previously reported compounds 1-6 exhibited a strong peak at ca. 1205 cm À1 , which was assigned as m (Mo@N) on the basis of the data suggested by Dehnicke and Strähle [33] and McCleverty and coworkers [11] . Further evidence for the existence of Mo@N linkages is the fact that, in each case, the symmetric and asymmetric NH 2 stretching modes of the free ligand (ca. 3370 and 3450 cm À1 ) have completely disappeared. Low-energy spectra were also measured for these compounds, as well as for the methoxy analog (compound 1) in the far IR region, where metal-halogen stretching vibrations are found. All three compounds show a very similar spectral patterns (e.g., see the spectra of compounds 7 and 8 in Fig. 1 (Table 3 ) of the complexes are consistent with their formulation and are similar to those of the previously reported compounds 1-6. The two inequivalent Tp* ligands give rise to two different groups of signals. For compound 7, six independent singlets in the region from 5.34 to 6.74 ppm, corresponding to the pyrazolyl C-H protons, and twelve singlets in the region from 1.00 to 3.20 ppm, corresponding to the methyl protons, are observed. For compound 8, a very similar pattern is observed (see Table 3 ) except that a few of the pyrazolyl methyl resonances are broadened, perhaps by a rapid equilibrium with a j 2 (bidentate) form of the Tp* ligand. These observations unambiguously confirm the absence of any symmetry element relating the two Mo centers in the reported complexes.
The 1 H NMR spectra of 7 and 8 do not display any signals due to the NH protons as expected, further supporting the existence of an imido ligand. The four C 6 H 4 protons are clearly split into two sets of two (implying the equivalence of H 2 with H 6 , and H 3 with H 5 , due to the free rotation of the phenyl ring with respect to the metal core). The resonances for the ethoxy group in 7 and the propoxy group in 8 are all observed at the expected positions, confirming the attachment of the R (OEt, OPr) group to the C 6 H 4 ring. The molecular ion peaks determined from the mass spectrometric data are also in good agreement with the suggested formulae ( Table 1) .
Electrochemical studies
The new compounds 7 and 8 have been studied electrochemically by cyclic voltammetry in CH 2 Cl 2 , together with their analogous derivatives 1-6, and with the related symmetric oxo complex [Tp*Mo(O)Cl] 2 (l-O). All the mixed oxo-imido compounds display a reversible one-electron oxidation wave and no reduction process down to the potential at which the CH 2 Cl 2 starts to discharge. The oxidation process occurs at a potential in a very narrow range for the whole family of compounds 1-8, i.e., it is little dependent on the nature of the substituent on the imido aryl group, see Table 4 . The peak-topeak separation is always close to the theoretical value of 60 mV for a one-electron process. It is smaller, in many cases, than the corresponding value measured for the ferrocene wave (because of the greater concentration used for the latter), after adding this compound to the same solutions. This is a good indication that the observed oxidations correspond indeed to one-electron processes.
The one-electron nature of the process was confirmed by three additional observations: more accurate studies of compound 3 showed the existence of a second oxidation wave at a very positive potential, quite close to the solvent discharge (see Fig. 2) , with approximately the same intensity as the first oxidation process. This second oxidation process, however, is not chemically reversible. Furthermore, a bulk electrolysis experiment, carried out at a constant potential of 0.7 V versus SCE, resulted in the consumption of slightly less than one electron per dinuclear unit. A subsequent cyclic voltammogram of the electrolyzed solution exhibited the same reversible wave at E 1/2 = +0.14 V as a reductive process, demonstrating the chemical stability of the oxidized species. Finally, the resulting oxidized solution was investigated by EPR spectroscopy. It shows a sharp resonance with Mo satellites (g = 1.950; a Mo = 35.8 G), which is characteristic of coupling of the unpaired electron with a single Mo atom. This indicates that the unpaired electron in the oxidized species is mostly localized on one of the two Mo centers.
When considering only the inductive effect expected for the introduction of the aryl substituent, the oxidation potential is expected to become more positive upon introduction of the more electronegative ligand. However, on going from the I substituent to the much more electronegative F substituent on the aryl meta position (which does not transmit mesomeric effects), the potential remains practically unchanged. This means that the aryl meta position is already too far from the dimetal core to significantly affect the metal electron density. Thus, any effect observed upon substitution at the para position, which is even further from the dimetal unit, must be attributed to a mesomeric effect. The marginally less positive E 1/2 for the oxidation process of the p-Cl derivative relative to the p-Br derivative could then be attributed to the slightly greater +M effect of the Cl substituent. The alkoxide substituents have a greater effect, since the potential shifts by À0.08 V relative to the p-Cl compound. The three OR groups have an identical effect.
The cyclic voltammogram of the symmetric oxo compound 9, on the other hand, is significantly different, see Fig. 3 . It consists of a reversible oxidation process at a higher potential relative to the oxo-imido species analyzed above (E 1/2 = 0.53 V), and a partially chemically reversible reduction process with E 1/2 = À1.49 V. The intensity of the two cathodic peaks is identical, indicating that the two processes involve the same number of electrons. These are again most likely one-electron processes, because of the peak-to-peak separations of 90 and 120 mV for the oxidation and reduction processes, respectively, versus a value of 145 mV for the ferrocene standard added to the same solution. Consequently, the replacement of one oxo ligand with the imido ligand has a dramatic effect on the electron density of the redox-active dimetal unit: the imido ligand shifts the oxidation potential negatively by ca. 0.4 V, and the reduction potential is correspondingly shifted negatively, beyond the solvent discharge. This is consistent with the greater electron-releasing power of the amido functionality.
Conclusion
In this study, the oxo-imido Mo(V) compounds and C 6 H 5 NH 2 as the major product whereas it is a by-product of the related reactions with the substituted anilines. Electrochemical studies were performed on the entire family of compounds in comparison with the electrochemical behavior of the related compound [Tp*Mo(O)Cl] 2 (l-O). It was observed that all the mixed oxo-imido compounds displayed a reversible oxidation process and no further oxidation process nor any reduction process down to the potential at which the CH 2 Cl 2 starts to discharge. On the other hand, the cyclic voltammogram of the symmetric oxo compound, [Tp*Mo(O)Cl] 2 (l-O), showed a reversible oxidation process at higher potential relative to the oxo-imido species and a partially chemically reversible reduction process. The replacement of one oxo ligand with the imido ligand has a much greater effect on the electron density of the redox-active dimetal unit than changing the nature of the aryl group substituent.
